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ABSTRACT
We compare the physical and morphological properties of z ∼ 2 Lyα emitting galax-
ies (LAEs) identified in the HETDEX Pilot Survey and narrow band studies with
those of z ∼ 2 optical emission line galaxies (oELGs) identified via HST WFC3 in-
frared grism spectroscopy. Both sets of galaxies extend over the same range in stellar
mass (7.5 < logM/M < 10.5), size (0.5 < R < 3.0 kpc), and star-formation rate
(∼ 1 < SFR < 100M yr−1). Remarkably, a comparison of the most commonly used
physical and morphological parameters — stellar mass, half-light radius, UV slope, star
formation rate, ellipticity, nearest neighbor distance, star formation surface density,
specific star formation rate, [O III] luminosity, and [O III] equivalent width — reveals
no statistically significant differences between the populations. This suggests that the
processes and conditions which regulate the escape of Lyα from a z ∼ 2 star-forming
galaxy do not depend on these quantities. In particular, the lack of dependence on the
UV slope suggests that Lyα emission is not being significantly modulated by diffuse dust
in the interstellar medium. We develop a simple model of Lyα emission that connects
LAEs to all high-redshift star forming galaxies where the escape of Lyα depends on the
sightline through the galaxy. Using this model, we find that mean solid angle for Lyα
escape is ΩLyα = 2.4±0.8 steradians; this value is consistent with those calculated from
other studies.
Subject headings: galaxies: evolution – galaxies: high-redshift – cosmology: observations
1. Introduction
Lyα emitting galaxies (LAEs) are one of the most important constituents of the high-redshift
universe. Although rare at z . 0.3 (Deharveng et al. 2008; Cowie et al. 2010), LAEs become
more common (and more luminous) with increasing redshift, and by z ∼ 6, they comprise the bulk
of the observed star-forming galaxy population (Cassata et al. 2015; Ouchi et al. 2010; Ciardullo
et al. 2012; Bouwens et al. 2010). The clustering properties of z ∼ 3 LAEs suggest a connection
with today’s L∗ galaxies (Gawiser et al. 2007; Guaita et al. 2010), while LAEs at larger redshifts
typically have higher biases (Ouchi et al. 2010).
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Lyα emitters are generally considered to be low-mass, dust-poor systems, as the resonant
nature of the Lyα line makes its escape from large, dusty systems problematic (e.g. Verhamme
et al. 2006; Gawiser et al. 2006; Gronwall et al. 2007; Finkelstein et al. 2008, 2009; Schaerer et al.
2011). However, the association of LAEs with low-mass galaxies is an oversimplification: multiple
studies have demonstrated that luminous Lyα emitters have a very wide range of stellar mass (at
least three dex or more), and that not all LAEs are dust-poor (Finkelstein et al. 2009; Nilsson et al.
2011; Hagen et al. 2014; Vargas et al. 2014). This result calls into question the relationship between
LAEs and other denizens of the high-redshift galaxy zoo. Hydrodynamic models that include Lyα
radiative transfer predict that galaxy morphology and inclination should play an important role
in determining the observability of Lyα (e.g., Verhamme et al. 2012; Yajima et al. 2012; Behrens
et al. 2014), and studies have shown that the presence of Lyα is correlated with galaxy size and
ellipticity (e.g., Shibuya et al. 2014a). It is also possible that Lyα emission is facilitated by a low
column density of neutral hydrogen (Shibuya et al. 2014b; Song et al. 2014), but merger activity
appears unrelated to the phenomenon (Shibuya et al. 2014a).
One difficulty with understanding the systematics of Lyα is that to date, almost all the com-
parison samples of non-Lyα emitting star-forming galaxies have been continuum-selected high-mass
systems, such as Lyman-break galaxies (LBGs), with sizes and star formation rates (SFRs) that are
quite different from that of the typical LAE (e.g., Malhotra et al. 2012). Only very recently, have
LAEs been analyzed alongside of galaxies with a similar stellar mass range (Song et al. 2014; Hathi
et al. 2015). We address this problem by comparing the physical properties of photometrically- and
spectroscopically-selected z ∼ 2 LAEs (Guaita et al. 2010; Adams et al. 2011) to those of optical
emission line galaxies (oELGs) at the same redshift (Zeimann et al. 2014). Because our oELGs
have similar masses, sizes, and star-formation rates as their LAE counterparts, we can analyze the
two populations differentially, and identify those properties most important for the escape of Lyα
photons.
In Section 2 we discuss our sample selection, in Section 3 we describe our analysis, and we
present our findings in Section 4. We adopt the standard concordance cosmology of h = 0.7,
Ωm = 0.3, ΩΛ = 0.7, and Ωk = 0 (Ade et al. 2014).
2. Sample Selection
Most previous studies of the physical properties of Lyα emitters have used continuum-selected
galaxies as the experiment’s control sample (e.g., Malhotra et al. 2012). Such an assignment is
clearly not ideal: systems such as Lyman-break and BzK galaxies are not only more massive than
typical LAEs, but their clustering properties indicate a very different evolutionary path. What
is needed is a set of galaxies with roughly the same stellar mass, star-formation rate, and size as
the LAEs under investigation. As our analysis will show, the physical properties of our sample of
oELGs are indeed well-matched to those of our program LAEs.
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Our comparison set of z ∼ 2 oELGs was identified using the Hubble Space Telescope’s WFC3
camera and its R = 130 G141 grism. A full description of these data, procured by the 3D-HST
and AGHAST surveys (GO-11600, 12177, and 12328; Brammer et al. 2012; Weiner et al. 2014),
is given in Zeimann et al. (2014). In brief, a total of ∼ 350 arcmin2 of the COSMOS (Scoville
et al. 2007), GOODS-N, and GOODS-S (Giavalisco et al. 2004) fields were surveyed over the
wavelength range 1.08 µm < λ < 1.68 µm down to a 50% monochromatic completeness flux
limit of F ∼ 10−17 ergs cm−2 s−1. For each object brighter than F140W = 26, a spectrum was
extracted, flux-calibrated, checked for contamination, continuum-subtracted, and visually inspected
for evidence of emission lines. Galaxies with unambiguous redshifts between 1.90 < z < 2.35 were
then selected via the identification of at least two of the emission lines of [O II] λ3727, [Ne III] λ3869,
Hδ, Hγ, Hβ, and [O III] λλ4959, 5007. Although ∼ 15% of the region’s galaxies were unmeasurable
due to contamination from overlapping spectra, this procedure still produced a sample of 245 star-
forming galaxies in the targeted redshift range with the distinctively-shaped [O III] blend typically
being the brightest feature.
The LAEs for our analysis are drawn from two sources. The first was the Hobby Eberly
Telescope Dark Energy Experiment (HETDEX) Pilot Survey (HPS; Adams et al. 2011; Blanc et al.
2011), a blind integral field spectroscopic study that included 107 arcmin2 of the COSMOS and
GOODS-N fields. At z ∼ 2.2, 50% of the HPS pointings reached a 5σ monochromatic flux limit of
1.3× 10−16 ergs cm−2 s−1 (or logL(Lyα) = 42.68 ergs) and 90% reached 2.5× 10−16 ergs cm−2 s−1
(logL(Lyα) = 42.96 ergs). Simulations demonstrate that above these flux limits, the recovery
fraction of emission lines was better than 95% for equivalent widths greater than 5 A˚, and higher
than 90% for equivalent widths as small as 1 A˚ (Adams et al. 2011). The HPS identified 67 LAEs in
the COSMOS and GOODS-N fields, but for consistency with our comparison sample, we consider
only those 11 LAEs between 1.90 < z < 2.35. Over this redshift range, the luminosity limits of the
HPS survey are roughly constant with redshift (Blanc et al. 2011).
Our second source of LAEs is a narrow-band survey for z ∼ 2 Lyα sources in the Extended
Chandra Deep Field South (ECDF-S). By using a 50 A˚ interference filter and the CTIO 4-m Mosaic
camera, Guaita et al. (2010) identified LAEs with Lyα fluxes brighter than 2×10−17 ergs cm−2 s−1
and redshifts 2.04 . z . 2.08. (See Ciardullo et al. (2012) for more details on this dataset.) A total
of 17 of the LAEs brighter than the 90% completeness limit of Ciardullo et al. (2012) fall in the
3D-HST’s GOODS-S region. Thus, the combination of the HPS and narrowband datasets yields a
sample of 28 Lyα emitters.
We note that the volume of space covered by both the LAE and oELG surveys is considerably
smaller than that observed by each technique individually. For example, while the total number
of 1.90 < z < 2.35 galaxies found via the HST IR grism is 245, only 63 oELGs fall in regions
covered by the HPS or the ECDF-S narrow-band survey. Of these, just 12, or roughly 20%, are
also classified as LAEs (Ciardullo et al. 2014). If we remove these 12 dual-classification objects
from the set of oELGs, we are left with a sample of 233 galaxies selected via their optical emission
lines, and 28 galaxies detected via Lyα. For most of the comparisons that follow, we use the entire
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sample of 233 oELGs to the 28 LAEs: only when considering the solid angle of Lyα escape do we
use the subset of 63 oELGs in the regions of survey overlap.
To study the conditions which facilitate the escape of Lyα emission, one would ideally begin
with a large, homogeneously selected sample of galaxies and then consider which objects emit in
Lyα and which do not. Unfortunately, while such a procedure works well for the continuum-bright
Lyman break objects (Steidel et al. 1996a,b; Kornei et al. 2010; Le Fe`vre et al. 2015), it is difficult
to implement for objects selected via their emission lines. As will be shown below, many of our
oELGs and LAEs are quite faint in the continuum, so comprehensive surveys for both the Lyα
and rest-frame optical emission lines would require prohibitively deep exposures. In fact, previous
surveys have shown that the global escape fraction of Lyα from the z ∼ 3 universe is only ∼ 5%,
and that there is generally little overlap between samples of galaxies selected via their Lyα and
Balmer emission lines (Hayes et al. 2010; Ciardullo et al. 2014). Nevertheless, as we shall show,
we can still examine the properties which facilitate Lyα escape using our Lyα and optical emission
line selected galaxies.
3. Physical Properties
To determine the photometric properties of both our LAEs and the emission-line selected
comparison sample, we took advantage of the multi-wavelength catalog of Skelton et al. (2014),
which extends over the CANDELS fields of GOODS-S, GOODS-N, and COSMOS (Grogin et al.
2011). This database begins with the deep, co-added F125W + F140W + F160W images from
HST and then adds in the results of 30 distinct ground- and space-based imaging programs to
produce a homogeneous, PSF-matched set of broad- and intermediate-band flux densities covering
the entire wavelength range from 0.35 µm to 8.0 µm. In the COSMOS field, this dataset contains
photometry in 44 separate bandpasses, with measurements from HST, Spitzer, Subaru, and a host of
smaller ground-based telescopes. In GOODS-N, the data come from five different observatories and
include 22 different bandpasses, while in GOODS-S, six different telescopes provide flux densities in
40 bandpasses. For z ∼ 2 systems, these data cover the rest-frame far-UV through the rest-frame
near-IR and allow very accurate estimates of star-formation rate, stellar mass, and stellar reddening
under the necessary assumptions about the underlying stellar population (i.e., stellar metallicity,
star formation history, IMF, and attenuation law).
3.1. Star Formation Rate and UV Slope
Star formation rates for our LAEs and oELGs can be obtained from their UV luminosity
densities. Before doing this, however, we must deal with the issue of stellar reddening. As detailed
by Calzetti (2001), rest-frame wavelengths between 1250 A˚ < λ < 2600 A˚ sample the Rayleigh-
Jeans portion of the hot stars’ spectral energy distributions (SEDs); in the absence of reddening,
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the spectral slope in this region should be well fit by a power law, i.e.,
L(λ) ∝ λβ0 (1)
where L(λ) is the system’s luminosity density. For steady state star formation over ∼ 108 yr,
β0 = −2.25, while for extremely young starbursts, β0 may be as steep as −2.70 (Calzetti 2001;
Reddy et al. 2010). Observed values of the spectral slope larger than −2.25 must therefore be
due either to internal extinction or a rapidly declining SFR.) (The latter possibility is unlikely,
given the high luminosities and equivalent widths of the rest-frame optical emission lines.) While
complications may arise if the reddening curves contain a Milky-Way type bump at ∼ 2175 A˚, this
feature is usually weak or absent in high-redshift star-forming galaxies (Kriek & Conroy 2013; Buat
et al. 2012; Zeimann et al. 2015).
To obtain the galaxies’ star formation rates, we therefore fit each object’s photometric mea-
surements to a power law, by first computing its observed UV slope (β) and the luminosity density
at 1600 A˚ (L1600) via simple unweighted least squares, and then estimating the errors on the pa-
rameters using a series of Monte Carlo simulations, with each realization formed using the quoted
errors of the photometry. After translating the observed value of β into a total extinction at 1600 A˚
via a Calzetti (2001) attenuation law, A1600 = 2.31 (β − β0), we applied the extinction correction
and inferred the galaxies’ star formation rates using the local UV-based SFR calibration (Hao et al.
2011; Murphy et al. 2011; Kennicutt & Evans 2012), i.e.,
log SFRUV = logL1600 − 43.35 (M yr−1) (2)
Although our median measurement error on β is only 0.147 and that for logL1600 is 0.017, our
SFR estimates are subject to an additional systematic uncertainty associated with the details of
extinction (i.e., geometry, homogeneity, wavelength dependence). Most specifically, our measure-
ments of SFR assume the Calzetti (2001) obscuration law, which is based on observations of a small
number of starburst galaxies in the local neighborhood. Although there is substantial evidence to
suggest that the law has not changed much between z ∼ 0 and z ∼ 2 (e.g., Fo¨rster Schreiber et al.
2009; Mannucci et al. 2009; Wuyts et al. 2013; Price et al. 2014; Zeimann et al. 2015), there are
counterexamples (e.g., Erb et al. 2006; Shivaei et al. 2015). Nevertheless, we adopt this relation
both in our SFR calculation and for our measurements of stellar mass.
3.2. [O III] Luminosity and Equivalent Width
[O III] line fluxes were obtained from the HST near-IR grism images by simultaneously fitting a
fourth order polynomial continuum and six Gaussian-shaped emission line profiles to each extracted
G141 grism spectrum via the method of maximum likelihood (Grasshorn Gebhardt et al. 2015).
Included in the list of fitted emission lines was the blended [O III] doublet with the strength of
λ5007 fixed at 2.98 times that of λ4959 (Storey & Zeippen 2000). The [O III] λ5007 fluxes were
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then converted to luminosities by assuming isotropic emission, and corrected for internal extinction
using the stellar differential reddenings obtained from the UV continuum (see Section 3.1) and the
Calzetti (2001) obscuration law.
The calculation of [O III] equivalent widths was a bit more difficult, as it is generally not
possible to measure the continuum of a faint z ∼ 2 galaxy on 3D-HST grism frames. Instead,
continuum estimates were obtained by converting each galaxy’s broadband F140W magnitude
(Skelton et al. 2014) into a flux density, using the grism spectrophotometry to subtract off the
contribution of the emission lines within the bandpass, and applying a correction to account for the
fact that the extinction which effects emission lines is generally greater than that which extinguishes
starlight, i.e.,
E(B − V )stars ∼ 0.44E(B − V )gas (3)
(Calzetti 2001). Equivalent widths were then deriving by scaling this photometrically-based con-
tinuum measurement to the line fluxes recorded by the HST grism. We note that while our [O III]
luminosity is dust-corrected, our [O III] equivalent widths are not.
These [O III] measurements can be used as a check on the UV-derived star formation rates
derived in Section 3.1. Both Kennicutt (1992) and Moustakas et al. (2006) state that [O III]
λ5007 emission is a poor tracer of a galaxy’s star formation rate, as the line is quite sensitive to
both changes in the ionization parameter and the metallicity of the nebular gas. Nevertheless,
we can compare it to our UV-based SFR estimates, to test for for the presence of large errors or
systematics in our analysis. This is done in Figure 1. From the figure, it is clear that the conversion
between [O III] luminosity and SFR is roughly consistent with that derived by Ly et al. (2007)
(corrected for the difference between Kennicutt (1998) and Kennicutt & Evans (2012)), using the
photometrically-determined [O III]/Hα line ratios of z = 0.42 and z = 0.84 narrow-band selected
galaxies. In addition, according to the Akritas-Thiel-Sen estimator (Akritas et al. 1995), which is
a statistic that is insensitive to outliers, the log-log slope of the relation is 0.43 ± 0.05. Given the
issues involved with [O III] SFR calibrations, this agreement is excellent.
3.3. Stellar Mass
The photometric catalog of Skelton et al. (2014) gives SED-based stellar masses for our
emission-line selected galaxies, but not their associated uncertainties. Such information is criti-
cal for any analysis of continuum-faint targets, as in these objects, the photometric errors may
propagate into large, asymmetric uncertainties in the derived parameters. Consequently, to infer
the masses of our LAEs and oELGs, we performed our own spectral energy distribution fitting,
using the Skelton et al. (2014) photometric as a base. We began by using the population synthesis
models of Bruzual & Charlot (2003), as updated in 2007 with an improved treatment of the thermal-
pulsating AGB phase. (Due to the generally young ages of our systems, the differences between the
masses derived from the 2003 and 2007 models are minimal.) We then adopted a Salpeter (1955)
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Fig. 1.— Top: Dust corrected UV star formation rate compared to the dust corrected [O III]
λ5007 line luminosity. The dotted line is the Ly et al. (2007) calibration and the grey band shows
its uncertainty. In general, the [O III] line is not a good SFR indicator, as it is both metallicity-
and ionization-parameter dependent, but we use it here as a consistency check on our UV-derived
SFRs. The robust log-log slope of the relation is 0.43±0.0.5 which, given the systematics of [O III]
emission, is good agreement. Bottom: The same comparison of [O III] emission to rest-frame UV
flux density, prior to dust correction; this ensures that the quantities are statistically independent.
As expected, the scatter in the diagram is significantly larger. The shallower slope (0.2 ± 0.05) is
consistent with the expected correlation of extinction with star formation rate (e.g., Bouwens et al.
2009; Bauer et al. 2011)
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initial mass function over the range 0.1M to 100M, a Calzetti (2001) dust obscuration law, and
the Madau (1995) prescription for absorption by intergalactic material. Since stellar abundances
are poorly constrained by broadband SED measurements, we fixed the metallicity of our models
to Z = 0.2Z, which is close to the mean gas-phase oxygen abundance measured for both LAEs
(Finkelstein et al. 2011; Nakajima et al. 2013; Song et al. 2014) and our comparison set of oELGs
(Grasshorn Gebhardt et al. 2015). Also, because the emission lines and nebular continuum can be
an important contributor to the broadband fluxes of high-redshift galaxies (e.g., Atek et al. 2011;
Schaerer & de Barros 2009), we modeled this component using the prescription of Acquaviva et al.
(2011), with updated templates from Acquaviva (2012). Finally, for simplicity, we assumed that
the star formation rates of our galaxies have been constant with time; at z ∼ 2, this hypothesis is
more appropriate than that of a declining SFR (e.g. Madau & Dickinson 2014).
In keeping with these assumptions, we did not use any photometric bandpass redward of rest-
frame 3.3 µm, as in this region interstellar medium features, such as lines from polycyclic aromatic
hydrocarbons (PAHs), which are not modeled by our code, may dominate. Similarly, because the
Madau (1995) correction for intergalactic absorption is statistical in nature and may not alway be
modeled properly, all points blueward of Lyα were also excluded.
To perform SED fits, we used the stellar population fitting code GalMC (Acquaviva et al. 2011),
assigning as the free parameters stellar mass, reddening, and age. This Markov-chain Monte-Carlo
(MCMC) program with a Metropolis-Hastings sampler is not only much more computationally
efficient than traditional grid searches, but it returns more realistic errors, as it explores degeneracies
between various parameters (Metropolis et al. 1953; Hastings 1970). Upon completion, each chain
was analyzed using the CosmoMC program GetDist (Lewis & Bridle 2002), and, since multiple
chains were computed for each object, the Gelman & Rubin (1992) R statistic was used to test for
convergence via the R− 1 < 0.1 criterion (Brooks & Gelman 1998).
As detailed by Conroy (2013), changes in the assumed initial mass function, reddening law,
stellar metallicity, and the treatment of the thermal pulsing AGB phase can lead to systematic
shifts of up to ∼ 0.3 dex in the computed stellar masses of high-redshift galaxies. However, because
our LAE analysis used the exact same set of assumptions as that for the oELGs, our comparison
between the two galaxy populations should be valid.
3.4. Near-UV Morphology: Size, Ellipticity, and Nearest Neighbor Distance
To measure the near-UV size, morphology, and environment of our z ∼ 2 galaxies, we used the
deep F814W images of the HST CANDELS program (Grogin et al. 2011; Koekemoer et al. 2011),
and the analysis techniques described in detail by Bond et al. (2009). Most of our emission line
galaxies are present on these frames, though, because not all the CANDELS images have yet been
released, 5 LAEs and 67 oELGs lack data. Optimally, these morphological measurements should
be performed in the rest frame optical (using the F140W WFC3 filter), as this would probe a larger
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fraction of the galaxies’ stars. However, at this redder wavelength, the instrumental PSF is 2.5
times larger than in the rest-frame UV, making morphological measurements of small z ∼ 2 systems
that much more difficult. Moreover, though studies have found that the structural parameters of
high-redshift galaxies can sometimes change when moving from the rest-frame UV to the rest-frame
optical, such is usually not the case for star-forming galaxies with little dust (e.g. Conselice 2014).
As our galaxies are found via recombination lines powered by star formation, they fall under this
category. Furthermore, Bond et al. (2014) showed that the near-UV and optical size measurements
for LAEs do not show significant differences.
After creating cutouts around each galaxy, we performed object identifications and background
subtraction using the routines found in SExtractor (Bertin & Arnouts 1996). We then measured
the angular size of each object by using the phot routine within IRAF to determine their flux-
weighted centroid and magnitude through a series of circular apertures. These aperture magnitudes
were used to define the galaxy’s half-light radius, with the uncertainty in the measurement being
related to total flux via
σr
r
= 0.54
σf
f
(4)
(Bond et al. 2012). The smallest half-light radius measurable via this analysis is ∼ 0.75 kpc, or
roughly twice the resolution of HST in the F814W filter.
Next, we examined object morphology to investigate the orientation of our galaxies. In disk
systems, the probability of escape for Lyα photons should be a function of viewing angle, with
face-on galaxies having lower Lyα optical depths than edge-on systems (see Section 4.2 for a more
complete discussion). Though we cannot unambiguously determine the inclination of a galaxy at
z ∼ 2, we can derive galaxy morphologies via Galfit (Peng et al. 2002, 2010, 2011), and use
the resultant ellipticities and Se´rsic (1963) indices as proxies for inclination and basic morphology.
Such analyses have been performed on Lyα emitters by a number of authors (e.g., Bond et al.
2009; Gronwall et al. 2011), with Shibuya et al. (2014a) hinting at an anti-correlation between
Lyα equivalent width and ellipticity. We note that, while the ellipticities of large galaxies can
be found via simple ellipse fitting (e.g. Weinzirl et al. 2009), the analysis of our small z ∼ 2
systems necessitates the more careful approach of Galfit, which convolves the instrumental PSF
with models of the original image. Of course, near the resolution of the instrument, ellipticity
measurements will be highly uncertain, but the vast majority of our galaxies have half-light radii
that more than twice this limit. Thus, our estimates of ellipticity should be reasonably robust.
Finally, to explore the effects of mergers on Lyα emitters, we used SExtractor to measure the
distance of each emission line galaxy to its nearest projected neighbor. By examining the frequency
of close pairs and the morphological shapes of Lyα emitters, Shibuya et al. (2014a) concluded that
the merger fraction of the class was likely between 10 and 30%. However, without a control sample,
Shibuya et al. (2014a) could not place this result in context. By comparing the distribution of
separations for our LAEs with that for oELGs with similar masses, we can measure the relative
importance of mergers for the LAE population. Moreover, because our measurement is differential
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in nature, our results should be relatively insensitive to the exact choice of SExtractor parameters.
To select nearest neighbor galaxies, we used a range of detection thresholds (from 1.65σ to 2.5σ
above the background) and required that the number of pixels above our threshold be at least five.
(We report the nearest neighbor distance found using a detection threshold of 1.65σ.) By modifying
these numbers, we could include or exclude faint, low-significance sources which may (or may not)
be real, and thereby change the absolute form of the proximity distributions. However, the relative
difference between the LAE and oELG distributions remained unaffected.
The galaxies in this study have redshifts between 1.90 < z < 2.35, so the exact rest-frame
wavelength probed by HST’s F814W filter varies from galaxy to galaxy. However, Bond et al. (2014)
demonstrated that UV morphological measurements of z ∼ 2 systems are robust against wavelength
changes. Similarly, by examining the structure of compact massive galaxies and simulating systems
as small as those in our sample, Davari et al. (2014) showed that size measurements of high-redshift
galaxies are generally robust. We do note that one concern with any high-redshift size measurement
is that the results may be affected by cosmological surface brightness dimming (e.g., Weinzirl et al.
2011). However, previous experience with measuring the sizes of z ∼ 2 LAEs has demonstrated
that even one orbit of HST broadband data is sufficient to avoid this issue (Hagen et al. 2014).
3.5. Derived Physical Parameters: Star Formation Rate Surface Density and
Specific Star Formation Rate
Our measurements of stellar mass, size, and star formation rate can be combined to form two
other physical parameters which are often used to describe the physical state of galaxies. Star
formation rate surface density is simply a galaxy’s total star formation rate divided by its area,
and, following Malhotra et al. (2012) (who used the term star formation intensity), we define
this quantity as ΣSFR = SFR/2pir
2, where r is the half-light radius. Similarly, the specific star
formation rate of a galaxy (sSFR) is simply its SFR divided by its stellar mass, and the units of
this quantity, inverse time, give a measure of the system’s age. Both ΣSFR and sSFR have been
heavily used in investigations of the different types of high-redshift galaxies and their modes of
star formation (Malhotra et al. 2012; Nakajima et al. 2012; Rhoads et al. 2014; Song et al. 2014).
In particular, numerous authors have argued that high-redshift LAEs have some of the highest
specific star formation rates in the universe (e.g., Gawiser et al. 2007; Nakajima et al. 2012), but
such statements arise principally from comparisons between LAEs and higher-mass systems such as
Lyman-break and BzK galaxies. Our comparison to oELGs can place this conclusion in context.
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Fig. 2.— Empirical cumulative distribution functions (ECDFs) for 10 galaxy parameters. The
solid blue line is the distribution for LAEs, while the distributions of parameters for oELGs are
plotted as a green dotted line. The orchid line shows the properties of oELGs selected to match the
stellar mass distribution of the LAEs. The dashed lines are the 1σ asymptotic uncertainties. The
two-sample Anderson-Darling test finds the two population are statistically identical, meaning that
the null hypothesis of a single underlying population cannot be rejected for any parameter with
more than 99.7% (3σ) confidence. The most discrepant distributions are those for stellar mass,
half-light radius, and sSFR, but even those do not rise to the level of significance. The small LAE
sample size means a larger difference between the two ECDFs is necessary for a significant result.
We also note that the small fraction of galaxies with ellipticities greater than 0.4 suggests that at
least some of the systems under consideration have disk-dominated morphologies.
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4. Results
4.1. Distributions of Physical and Morphological Parameters
Figure 2 presents the empirical cumulative distribution functions for our LAE and oELG
samples, and includes the parameters stellar mass, half-light radius, stellar reddening (as measured
by the slope of the UV continuum, β), star formation rate (as inferred from the de-reddened flux
density at 1600 A˚), ellipticity, and the projected distance to the nearest neighbor galaxy. Also
shown are the cumulative distribution functions for the composite variables of ΣSFR and specific
star formation rate. Tables 1 and 2 contain all the measured physical and morphological properties
for these galaxies. As illustrated in the figures, our LAEs and oELGs are drawn from consistent
galactic populations: according to the Kolmogorov-Smirnov and Anderson-Darling tests, in no case
can the null hypothesis of the two distributions being pulled from a single underlying population be
rejected with more than 99.7% (3σ) confidence, far below the 5σ standard common in the physical
sciences (Kolmogorov 1933; Smirnov 1948; Anderson & Darling 1952). Our selection method for
LAEs does seem to identify galaxies with slightly lower masses than their oELG counterparts, but
the offset is not large and still below the threshold of statistical significance. This consistency
supports the use of oELGs as an LAE comparison sample, and suggests a connection between the
two galaxy populations.
To ensure that the results describe above are not an artifact of the differing depths of our LAE
and oELG surveys, we created a stellar mass-matched sample of oELGs for use in our comparison.
To do this, we randomly selected a mass from the LAE stellar mass distribution, applied a Gaussian
uncertainty based on the error on the mass measurement, and then identified the oELG with the
closest stellar mass. A total of 1,000 mass-matched oELG samples were created in this manner,
and their physical and morphological properties were compared to those of the LAEs via Anderson
Darling tests. As shown in Figure 2, there is no statistically significant difference between the LAEs
and any of these mass-matched subsamples of optical emission line galaxies.
Another way to compare the samples while mitigating the effects of selection bias is to analyze
the relationships between the various photometric and structural parameters. Since stellar mass
has little to no correlation with observed Lyα line luminosity (Hagen et al. 2014), we treated this
quantity as an independent variable, and examined the distribution of physical parameters as a
function of mass for the two galaxy populations (see Figure 3). For each variable, we found the
best-fit line for the oELG dataset, subtracted this line from both the oELG and LAE distributions,
and compared the behavior of the residuals. In all cases, the best-fit line through the residuals had
a slope consistent with zero, and there was no statistically significant difference in the distribution
of the residuals. This strongly suggests that the two galaxy samples are drawn from the same
underlying population. A similar analysis with half-light radius as the independent parameter pro-
duces the same result: if there is a difference between the oELG and Lyα emission line populations,
it cannot be detected with our present samples. At least at z ∼ 2, LAEs seem to be randomly
drawn from the larger population of optical emission line galaxies.
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It is somewhat surprising that the distribution of UV slopes for galaxies selected via their
optical emission lines is so similar to that found for the LAE population. Many papers have
suggested that Lyα emission is regulated by dust (e.g., Kornei et al. 2010; Atek et al. 2014, and
references therein), and the existence of this dust should be revealed through extinction in the UV.
Yet we see no evidence for a deficit of dust obscuration associated with Lyα galaxies. Of course,
our analysis only addresses the global properties of each galaxy; small scale changes in the covering
fraction of dust due to ISM holes created by supernovae would be extremely difficult to detect.
Furthermore, the recent work by Henry et al. (2015) argues that Lyα emission in low-redshift
Green Pea galaxies is actually modulated by H I column density. This again would weaken any
supposed connection between UV extinction and Lyα emission.
It is also surprising that we see no significant difference between the [O III] rest-frame equivalent
width (EW) distributions. The ratio of an ionization driven emission line, such as [O III] λ5007,
to its underlying starlight-generated optical or near-IR continuum is a rough proxy for specific
star formation rate. Consequently, a number of authors have investigated the relationship between
rest-frame optical emission-line equivalent widths and Lyα, and have generally found a correlation
between the two parameters. For example, in the nearby universe, Hayes et al. (2014) were able
to select their Lyα Reference Sample by limiting their targets to sources with large Hα equivalent
widths, and Cowie et al. (2011) found that GALEX-selected LAEs had larger optical EWs than a
control sample. Additionally, in the z ∼ 2 universe, Oteo et al. (2015) found significant differences
in the reddening, stellar mass, UV slope, and star formation rate between LAEs and a sample of
Hα selected galaxies. However, this work also found that their Hα-selected galaxies had properties
similar to those of sBzK -selected systems. This suggests a simple explanation for the discrepancy:
as their Figure 4 shows, their Hα systems are systematically more massive than their Lyα emitters,
and hence likely to be evolving along a different evolutionary path. By creating a stellar mass-
matched sample of galaxies (selected primarily via their [O III] emission), we have likely avoided
this problem. Alternatively, the difference between our results and those of the previous surveys
could be result of the brighter Lyα detection limit of the HETDEX Pilot Survey. Finally, we note
that our analysis is limited by small number statistics; in a few years, when large LAE samples in
the HST survey fields become available, we will be able to perform much more stringent tests on
the datasets.
4.2. A Toy Model of the Solid Angle of Lyα Escape
By simulating the propagation of Lyα photons through a realistic ISM embedded within a
∼ 1010M dark halo, Verhamme et al. (2012) found that the likely escape paths for Lyα were
anisotropic, with emission much more likely along directions perpendicular to the system’s disk.
In this scenario, one would expect the presence of Lyα to be correlated with galaxy morphology,
as LAEs would be preferentially associated with low-inclination systems. Yet, as Figure 2 illus-
trates, no such correlation exists: the ellipticity distributions of LAEs and oELGs are statistically
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Fig. 3.— The physical and morphological properties of our LAE and oELGs as a function of
stellar mass. LAEs (with an without rest-frame optical emission lines) are plotted as blue circles;
the oELGs are plotted as green dots. The units on each quantity are the same as in Figure 2.
In all cases the distributions of LAE and oELG physical parameters as a function of mass are
indistinguishable; this result suggests that the two samples are drawn from the same underlying
population. For stellar mass vs. SFR, see Figure 4.
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indistinguishable.
Alternatively, Gronke & Dijkstra (2014) and Gronke et al. (2015) have followed the escape
of Lyα through an ISM consisting of a number of cold, dusty, star-forming clumps distributed in
an hot, ionized plasma. In a case such as this, there is no preferred orientation associated with
LAEs, as Lyα photons typically escape through low-optical depth sight lines that are randomly
distributed throughout a galaxy. Indeed, there is some observational support for this idea: multiple
studies have reported that when Lyα is observed, its optical depth is not significantly greater than
that for its surrounding far-UV continuum (Finkelstein et al. 2008; Blanc et al. 2011; Hagen et al.
2014; Song et al. 2014; Vargas et al. 2014). This implies that when Lyα escapes, it does so without
having to undergo a large number of scattering events.
If the escape of Lyα is indeed due to the presence of a series of randomly distributed holes
in the interstellar medium, then we can use our data to determine the mean solid angle for Lyα
emission. Of the 63 oELGs in the HPS footprint, 12 have evidence for Lyα in emission (Ciardullo
et al. 2014), implying that ∼ 20% of z ∼ 2 star-forming galaxies have a Lyα escape path in our
direction. If all these systems are LAEs when viewed along the appropriate line-of-sight, then the
mean solid angle for Lyα escape is ΩLyα = 2.4±0.8 steradians. Of course, the lines-of-sight for Lyα
escape need not be contiguous, but for purposes of visualization, this sky fraction corresponds to an
average opening angle of 50◦ ± 8◦. For comparison, a narrow-band study for z = 2.2 star-forming
galaxies in the GOODS-S region found 6 out of 55 Hα emitting galaxies were also Lyα sources,
for a mean escape angle of 1.4 ± 0.6 steradians (Hayes et al. 2010). Given that this double-blind
narrow-band survey covers only ∼ 5% of our 1.90 < z < 2.35 survey volume, and like our study, is
limited by small number statistics, these results are consistent.
A further comparison comes from the analysis of Milvang-Jensen et al. (2012), who searched for
Lyα emission from gamma-ray burst host galaxies between 1.8 < z < 4.5. Recent studies suggest
that GRBs at these redshifts trace UV star formation metrics (Greiner et al. 2015; Schulze et al.
2015), and as such, they provide an independent cross-check on our previous calculations. Out of
a sample of 20 GRB hosts, Milvang-Jensen et al. (2012) found Lyα emission in 7 objects, implying
a mean Lyα escape angle of ΩLyα = 4.4 ± 1.9 steradians. Again, this is in rough agreement with
our previous estimates.
Alternatively, we can compare our estimate of ΩLyα to that obtained from the adaptive mesh
radiative transfer models of Behrens & Braun (2014). These calculations follow Lyα transport in
an isolated, turbulent disk galaxy at time steps of 1.0, 1.5, and 2.0 Gyrs after initialization. Unlike
the simulations of Verhamme et al. (2012), this multiphase, dusty ISM model predicts that Lyα
escape paths are generated stochastically, and more-or-less independent of galaxy morphology. The
result seems consistent with our measurements.
To perform a more quantitative comparison, we re-analyzed the Behrens & Braun (2014)
models by examining the escape of Lyα along 12,000 separate sight lines within the galaxy. For a
galaxy to be considered an LAE, we required that the sight line have a rest-frame Lyα equivalent
– 17 –
greater than 20 A˚ (Gronwall et al. 2007) and an inferred Lyα luminosity larger than 1041 ergs s−1
(i.e., have an intrinsic Case B star formation rate greater than ∼ 2M yr−1; Hu et al. 1998;
Kennicutt & Evans 2012). The 1.5 and 2.0 Gyr models produce LAEs meeting these criteria with
Lyα escape angles of 1.8 and 6.8 steradians, respectively. Again, this is in agreement with our
observations. Interestingly, in the 1 Gyr simulation, no line of sight satisfied the observational
criteria, suggesting that a more sophisticated model, such as one which includes a changing halo
occupation fraction, is needed.
Finally, instead of expressing the escape of Lyα in terms of sight lines and opening angles,
it is possible to re-parameterize the analysis into a duty cycle problem, where the time variable
collectively captures all the complicated microphysics that enters into the creation of a porous ISM.
Such a calculation has been performed by Chiang et al. (2015), who estimated that an LAE duty
cycle of ∼ 4% best fits the clustering results of the HPS survey. Of course, if our detection limits
were deeper, this duty cycle estimate might increase, as more galaxies would be detected via their
Lyα emission.
Data from the upcoming HETDEX (Hill et al. 2008) and Trident (Sandberg et al. 2015) surveys
should greatly improve our understanding of Lyα emission from z ∼ 2 star-forming galaxies, and
allow measurements of ΩLyα (or the duty cycle), as a function of stellar mass, internal reddening,
and a host of other parameters. For example, it is quite possible that the factors that govern the
escape of Lyα depend on the mass of a galaxy. In low mass systems, feedback can easily outweigh
the local gravitational potential, causing the distribution of low-column density holes in the ISM
to be distributed randomly and (somewhat) uniformly; this is the regime that applies to most our
galaxies and to the radiative transfer models of Behrens & Braun (2014). However, in higher mass
systems, the disk structure may stabilize, making it difficult to blow holes along the plane of the
system. In this case, the simulations of Verhamme et al. (2012) may be more applicable. We
look forward to the next generation of models detailing the kinematics of outflows through more
complicated geometries which includes a multi-phase interstellar medium (e.g. Gronke & Dijkstra
2014).
4.3. The place of LAEs and oELGs in the galaxy population
Figure 4 compares the star formation rates and stellar masses of our LAEs and oELGs to those
of BzK and Herschel-PACS galaxies (Rodighiero et al. 2011). From the figure, it is clear that the
emission-line galaxies probe a mass regime that is only examined in the deepest continuum-selected
surveys. Both the LAEs and oELGs do lie close to the star-forming galaxy “main sequence” (Speagle
et al. 2014). However, neither population lies on the line: both sets of galaxies lie distinctly above
the extrapolation of the Speagle et al. (2014) relation, and above the Whitaker et al. (2014) main
sequence line.
There are several possible reasons for this offset. Perhaps the most straightforward explanation
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Fig. 4.— Galaxy star formation rate as a function of stellar mass for our sample of LAEs and
oELGs. Also plotted are the continuum-selected samples of Rodighiero et al. (2011). Both LAEs
and oELG systems lie along, but slightly above the low-mass extrapolation of the z = 2.1 “main
sequence” defined by Speagle et al. (2014); they also lie significantly above the Whitaker et al.
(2014) main-sequence line, particularly at the low mass end. The offset could mean that the
galaxies are undergoing starbursts, that there is a change in the slope of the main sequence at low
stellar masses, or that that the sample is biased against low line-luminosity systems.
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is that both galaxy populations are drawn from the same subset of high-z star-bursting systems.
However, another possibility is that the offset between the extrapolated main sequence and the
locus of LAEs and oELGs may simply be due to errors in our estimates of stellar mass and star
formation rate. Kusakabe et al. (2015) have argued that the flux densities of z ∼ 2 LAEs are
better fit using an SMC-type dust law rather than a Calzetti (2001) obscuration relation. If were
to adopt such a model, our dust-corrected SFRs would move downward towards both the Speagle
et al. (2014) and Whitaker et al. (2014) lines. A third reason for the discrepancy may be that a
simple extrapolation of the star-forming main sequence is incorrect; it is possible that the slope of
this relation changes at lower stellar mass. Finally, the higher SFRs at a given stellar mass might
simply be a selection effect, as lower SFR objects are more difficult to detect through their emission
lines. Larger and deeper samples of both LAEs and oELGs are required to resolve this question.
5. Conclusion
This z ∼ 2 study finds no significant differences between the physical properties of Lyα emitting
galaxies and galaxies selected solely by their rest-frame optical emission lines. More specifically,
the distributions for LAE stellar mass, half-light radius, star formation rate, ellipticity, nearest
neighbor distance, specific star formation rate, star formation rate surface density, [O III] luminosity,
and [O III] equivalent width are not statistically different from those of their oELG counterparts.
Surprisingly, there is not even any evidence for a difference between the two populations’ UV slopes.
Since a star-forming galaxy’s spectral slope in the UV reflects the presence of dust and internal
extinction, this suggests that the processes which regulate the escape of Lyα from a z ∼ 2 galaxy
are operating on a small scale, rather than the global scale probed by our survey. This small scale
escape of Lyα also explains the lack of difference we found between the population’s [O III] EW
and specific star formation rate distributions. It seems that the presence of Lyα emission in a
star-forming galaxy is not a strong function of the parameters most commonly used to describe
high-z galaxies.
Since we have found no differences in the physical and morphological properties studies herein,
the question still remains as to what causes Lyα to escape some galaxies and not others. As our
analysis mainly concerned parameters related to stellar emission, the data would seem to suggest
that at z ∼ 2, a star-forming galaxy’s interstellar and circumgalactic media are not closely tied to
the global distribution of its stars (e.g., Dijkstra et al. 2007). This matches quite well with recent
observational results of both nearby LAEs and high-redshift Lyα halos. For example, Herenz
et al. (2015) has argued that in nearby LAEs, it is the turbulence of the ISM that makes conditions
favorable for Lyα escape. Similarly, a number of studies of Lyα halos surrounding z & 2 star-forming
galaxies have shown the extent to which the circumgalactic medium can effect Lyα emission (e.g.,
Matsuda et al. 2012; Momose et al. 2014; Wisotzki et al. 2015). Particularly intriguing are the
observations of Momose et al. (2015), who found an inverse correlation between the scale length
of a Lyα halo and the total luminosity of the Lyα emission. This suggests that circumgalactic
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conditions control whether Lyα is scattered out of the line of sight into a bright halo, or mostly
passes through, creating an LAE. This connects well to our toy model in Section 4.2.
Though a direct comparison is not possible due sampling issues, we do note that our results
are in general agreement with those of Hathi et al. (2015), who found physical similarities between
LAEs and non-LAEs between 2 < z < 2.5. Our results also agree with the work of Jiang et al.
(2015), who found no differences in the distributions of stellar mass, age, and star formation rate
for samples of z & 6 LAEs and LBGs. However, our results differ from those of Cooke et al. (2010),
who claimed that LBGs with small nearest neighbor separations were more likely to emit in Lyα.
One possible reason for this discrepancy is that the majority of our galaxies are much less massive
than Lyman break objects: while massive galaxies might require an interaction to create an escape
path for Lyα, less organized, lower mass objects might not. Oteo et al. (2015) also found differences
between the physical properties (reddening, stellar mass, and star formation rate) of z ∼ 2 LAEs
and Hα selected systems. However, once again, this analysis does not control for stellar mass: not
only is their median galaxy more than a dex larger than the systems considered here, but their
Balmer-line selected galaxies are systematically more massive than their LAEs by almost a full dex.
This offset in stellar mass is likely responsible for the difference in results.
While our study is limited by small number statistics, particularly with respect to the sample
of LAEs, the possibility that z ∼ 2 Lyα emitting galaxies are drawn from the epoch’s general
star-forming population is tantalizing. Our study suggests that LAEs can be used to probe and
investigate the population of low mass star forming galaxies, which, sans Lyα emission, are very
resource intensive to identify. While this reasoning has been used to motivate LAE studies for
many years, this work provides a justification for this line of attack. This hypothesis will be better
tested when the HETDEX survey comes online, as commissioning data alone will generate more
than a thousand LAEs in fields targeted by the HST infrared grism. This will allow a rigorous
search for population differences between the LAEs and other star forming galaxies of the epoch,
while controlling for stellar mass, size, and star formation rate.
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